ABSTRACT -The present work is the first study of nannofossils from the Ponta Alta and Praia da Lagoa members of the Cresmina Formation and provides a new approach to establishing the age of these sediments. Nannofossil biostratigraphy improves previous age assignments: the Ponta Alta Member is placed within the latest Early Aptian, the passage between the Ponta Alta to the Praia da Lagoa members is assigned an early Late Aptian age and the Praia da Lagoa member is assigned an age not younger than the early Late Aptian. The lower half of the Rodísio Formation is assigned an age not younger than the Albian.
INTRODUCTION
The Lower Cretaceous São Julião section is located on the western coastline of Portugal, approximately 40 km to the NW of Lisbon (Fig. 1) . It has been the subject of stratigraphical studies, focusing on lithostratigraphy, biostratigraphy, palaeontology, micropalaeontology and microfacies (Rey, 1972; Heimhofer et al., 2007) and chemostratigraphy (Burla et al., 2008) . The present work is the first study of nannofossils from the Cresmina Formation and aims to provide alternative approaches to age determination and interpretations of the palaeoenvironment of deposition for these sediments. The results are calibrated with documented stratigraphical markers (Rey, 1972; Berthou & Leereveld, 1990; Heimhofer et al., 2007) and are integrated with the carbon-isotope stratigraphy described in Burla et al. (2008) for the same section.
GEOLOGICAL AND STRATIGRAPHICAL SETTING
The study area is located in the southern zone of the Lusitanian Basin in west-central Portugal (Fig. 1 ). In the Lisbon region, Lower Cretaceous sediments are mostly composed of continental and marginal-marine facies, with rare, more open-marine episodes, reflecting frequent, small-scale coastline shifts (e.g. Ramalho, 1971; Rey, 1972 Rey, , 1992 Berthou, 1973 Berthou, , 1984 . By Late Aptian-Early Albian times most of the area was emergent, and thick units of fluvial sandstones were deposited (the traditional 'Grés superiores de Almargem' formation of Choffat (1885) ; Almargem/Rodízio Formations in Rey (1992) ). These were overlain by fossiliferous marly-limestone successions of lagoonal to open-marine environments evidencing a marked transgressive phase, gradually recorded from the west towards the east in the Lisbon region, and from SW to NE over the whole of the basin, reaching its peak in the Cenomanian (e.g. Berthou, 1973 Berthou, , 1984 .
Due to the lack, or rarity of ammonites, the stratigraphical framework of the Cretaceous of the Lisbon region is based upon regional integration of data from different fossil groups, namely benthic foraminifera, ostracods, dinocysts and rudists, coupled with field relationships, as summarized by Berthou (1984) . As shown in Figure 2 , the part of the S. Julião section under study encompasses deposits from the Ponta Alta (below) and Praia da Lagoa (above) members of the Cresmina Formation (Rey, 1992) . These members were previously known as the 'Calcários recifais superiores' and 'Margas com ostras', respectively (Rey, 1972 (Rey, , 1979 (Rey, , 1984 . For these units, the lithostratigraphical descriptions and the stratigraphical data allowing their age constraint are as follows.
+ The Ponta Alta Member/'Calcários recifais superiores' unit is mainly composed of limestones (base), reefal limestones (middle), Orbitolina marly limestones, interbedded Orbitolina marls and limestones and marls (top). This unit yields a rich fossil content, including the foraminifera species Palorbitolina lenticularis (Blumenbach) and Choffatella decipiens Schlumberger, an association that indicates an Early Aptian age (Rey, 1972) . The Early Aptian age is also supported by the ostracod fauna described by Cabral (pers. comm.) . In addition, Berthou & Leereveld (1990) have described a dinocyst assemblage from the 'Calcários recifais superiores' from the nearby equivalent Rio de Mouro section, including Kleithriasphaeridium eoinodes, Kiokansium hesperum and Pseudoceratium securigerum, which is characteristic of the Early Aptian, However, Leereveld (in Berthou & Leereveld, 1990) suggests that it may reach the earliest Late Aptian. Moreover, Heimhofer et al. (2007) confirmed the Early Aptian age based on the occurrences of the rudist species Pachytraga paradoxa, Praecaprina varians and Caprina douvillei.
+ The Praia da Lagoa Member/'Margas com ostras' unit is composed mainly of marls (base), oyster limestones and marls (middle), sandstones and dolostone (top). This unit is also rich in Palorbitolina lenticularis and Choffatella decipiens (Rey, 1972) , which date it as Early Aptian. The ostracods from this same São Julião unit (Cabral, pers. comm.) and also from the Rio de Mouro section (Cabral & Colin, 1998) confirm this age attribution. Pereira & Cabral (2005) have recently described the charophyte assemblage from the Rio de Mouro section, reinforcing the previous age assignments. In addition, Heimhofer et al. (2007) also attributed an Early Aptian age for these sediments based on the occurrences of several age-diagnostic dinoflagellate cysts, including Ctenidodinium elegantulum, Callaiosphaeridium trycherium and Heslertonia heslertonensis. The dinocyst assemblage described by Berthou & Leereveld (1990) for Rio de Mouro includes, besides the taxa mentioned for the underlying limestones, representatives of the Cyclonephelium compactum Group towards the top of the unit, suggesting the presence of the base of the Upper Aptian. Thus, the Praia da Lagoa Member /'Margas com ostras' unit has been assigned to the Lower Aptian or, maybe, to the Lower-lower Upper Aptian interval. + The studied units are overlain by sandstones of the 'Grés superiores de Almargem' (Rodízio Formation in Rey, 1992) which, based on dinocysts, range in age from the Late Aptian to the Middle Albian (Berthou et al., 1981; Berthou & Hasenboehler, 1982; Berthou, 1984; Berthou & Leereveld, 1986; 1990) . In addition, the dinocyst studies of Hasenboehler (1981) , Dinis & Trincão (1995) and Heimhofer et al. (2007) attributed the Rodízio Formation to the Albian. The presence of reefal limestones and interbedded Orbitolina marls and limestones indicates a shallow-marine environment for the deposition of the Cresmina Formation (Rey, 1972) .
MATERIALS AND METHODS
A total of 25 nannofossil analyses were carried out (Fig. 2) and the sampling interval was approximately 30-40 cm.
Calcareous nannofossil preparations were undertaken using simple smear slides and studied using standard light microscopy techniques (e.g. Bown & Young, 1998 ). To provide the best possible representation of the preserved assemblages, nannofossil slides were semi-quantitatively examined and the resulting nannofossil abundances were divided into three groups: present, rare and common.
In this study, due to the fast-changing depositional environment and the dynamics of shallow-marine settings, particular emphasis is placed on the potential for re-deposition of "older" nannofossils into younger assemblages. Reworked occurrences were extremely rare, e.g. Lithraphidites bollii (samples 8 and 19) and Tubodiscus jurapelagicus (samples 7, 8 and 17) .
The palaeobiogeographical position of Iberia during the Aptian and the recovered nannofossil assemblages (Fig. 3) permit the use of Tethyan biostratigraphical schemes.
The resulting distribution of Cretaceous calcareous nannofossils in the Cresmina Formation is given in Figure 3 and is calibrated to the zonation schemes of Sissingh (1977 Sissingh ( , 1978 and Applegate & Bergen (1989) . The Late Barremian to 'early' Late Aptian falls Authors. CC7a: Thierstein (1971) amended by Manivit et al. (1977) .
Remarks. This subzone was proposed by Thierstein (1971) and was used by Applegate & Bergen (1989) . In the latter, it was cited as an amendment from Manivit et al. (1977) ; however, no such amendment to the CC7a subzone is referred to in that paper.
Age. CC7a: Early Aptian.
RESULTS
The majority of the samples analysed yielded extremely poor nannofossil assemblages most likely reflecting the shallow-marine depositional setting and a combination of dilution by clastic particles and post-depositional dissolution. The presence of smaller nannofossils with poor to moderate preservation suggests that dissolution was moderate. The continuous occurrence of abundant specimens of the benthic foraminifera Palorbitolina lenticularis in most of the sampled interval further supports this interpretation, indicating a shallow depositional environment. The opportunistic behaviour observed in the acmes of P. lenticularis indicates rapidly oscillating water masses within a high stress shallow-marine environment. Increases in nannofossil abundance and diversity may therefore provide evidence for transgressions within the succession.
Samples 1 to 6 of the Ponta Alta Member were barren of nannofossils. This interval coincides with the occurrence of a reefal limestone and reflects extremely shallow-marine/nearshore conditions. A significant increase in nannofossil abundance and diversity is observed between samples 7, 8 and 9 and coincides with the progressive passage from reefal limestone into Orbitolina marly limestone. Similar increases are observed in samples 16, 17 (corresponding to interbedded Orbitolina marls and limestones) and 19 (corresponding to marls but including the progressive passage to the Orbitolina calcareous marls).
The similarity between nannofossil assemblages recovered from samples 7, 8, 16, 17 and 19 suggests a very short time frame for sediment deposition. The extremely rare occurrences of nannofossils between samples 9 and 15 and in samples 18 and 21-25 suggest either intense dissolution and/or re-occurrence of shallow-marine/restrictive environments. The extremely poor nannofossil recovery in sample 18 from the Praia da Lagoa Member and the subsequent occurrence of oyster-bearing limestones suggest the progressive onset of a regressive trend. This trend is also confirmed by the recovery of nannofossil-barren samples (samples 22 and 24) and of extremely poor nannofossil recovery in samples 21, 23 and 25. The deposition of marls with moderately common nannofossil recovery (sample 19) either marks the last pulse of marine influence or reworking of the nannofossils prior to the deposition of the barren sandstones of the 'Grés superiores de Almargem' (Rodísio Formation)).
BIOSTRATIGRAPHY
The majority of the nannofossiliferous part of the section (samples 7-21) can be assigned to nannofossil Subzone CC7a (latest early Aptian-earliest late Aptian -we will use the term mid-Aptian for this designation), despite the absence of the principal marker species Eprolithus floralis throughout these assemblages. We suggest that the absence of this species may be due to ecological exclusion from these near-shore environments. The age determination is instead based upon the consecutive ranges of the marker taxa Hayesites irregularis and Micrantholithus spp., which occur through subzone CC7a, and the presence of Braarudosphaera africana, which has a first appearance within subzone CC7a (Herrle & Mutterlose, 2003) . The presence of Nannoconus carniolensis from sample 16 indicates a position towards the top of subzone CC7a, as its first appearance was previously reported at the base of the late Aptian (Deres & Achéritéguy, 1980) . A mid-Aptian age is also supported by the presence of Rhagodiscus angustus in sample 16 (Thierstein, 1971) and S. achylosus in sample 17 (Bralower et al., 1994) .
These nannofossil-based age determinations are in good agreement with a recent carbon isotope record generated from this succession by Burla et al. (2008) . This study documented a significant positive carbon isotope excursion within the Ponta Alta Member (Fig. 4) and considered this to be an expression of the Early Aptian OAE1a event, which, according to Larson & Erba (1999) , Leckie et al. (2002) and Erba (2004) , terminates within nannofossil subzone CC7a. Although nannofossils are generally rare within these sediments it may be significant that nannoconids are essentially absent within the lower half of the Ponta Alta Member that coincides with the OAE 1a carbon isotope excursion. Elsewhere, a significant decline in nannoconid abundance has been shown to coincide with this OAE (the nannoconid crisis of Erba, 2004) .
The increase in the recovery of nannoconids in samples 16 and 17 in the upper Ponta Alta Member (Fig. 4) coincides with a further increase in the 13 C isotope values and may be an indication that this part of the section lies above the nannoconid crisis interval. According to Erba (2004) , the return of nannoconids coincides with the highest values of the 13 C isotope anomaly and with the transition between the L. cabri and G. ferreolensis planktic foraminiferal zones in the earliest Late Aptian.
The upper part of the Praia da Lagoa Member was left undifferentiated due to a sharp decrease in nannofossil recovery, including barren samples and the absence of age-diagnostic taxa. This trend clearly suggests the onset of shallow-marine/ restrictive environments with the deposition of oyster limestones, marls, sandy marls and dolostones.
The re-occurrence of Hayesites irregularis in the Rodizio Formation indicates an age not older than the Albian for these sediments . The results obtained by Rey (1972) , Cabral & Colin (1998) , Pereira & Cabral (2005) and Heimhofer et al. (2007) suggest a latest Early Aptian age for the whole Praia da Lagoa Member. In this study, the last record of M. obtusus, together with the first record of B. africana, S. achylosus and N. carniolensis, indicates a slightly younger age within the earliest Late Aptian for the topmost Ponta Alta Member. In addition, the increase in the recovery of nannoconids (including the first record of N. carniolensis) observed in samples 16 and 17 also support a slightly younger position above the late Early Aptian 'nannoconid crisis' event. Heimhofer et al. (2007) assigned an Early Aptian age for these sediments; however, the age assignment was based on sporadic occurrences of long-ranging marker fossils and no abundance data were provided.
The nannofossil results indicate the presence of Barremian reworking in the assemblages from the Praia da Lagoa Member (Tubodiscus jurapelagicus and Lithraphidites bollii occurrences in samples 17 and 19) and, therefore, we place more confidence in the first occurrence of datums.
CONCLUSIONS
The biostratigraphical study of calcareous nannofossils from the Cresmina Formation (Lusitanian Basin) provides further evidence for calibrating the age of these sediments and the regional isotope stratigraphy. There is in good agreement with the previous age assignments for most of the Ponta Alta Member and Rodízio Formation, but the nannofossil data indicate an earliest Late Aptian age for the transition between the Ponta Alta and Praia da Lagoa members and a similar age for the remainder of the Praia da Lagoa Member.
The integration of the nannofossil results herein with the isotope stratigraphy of Burla et al. (2008) for the same section (Fig. 4) , and the comparison with open-marine sections (Burla et al., 2008, fig. 11 ) in the same study, provides calibration points and increases the confidence level placed in the age determinations. In this context the use of the isotope stratigraphy in conjunction with the biostratigraphy in wider geographical areas and in short-term correlations across different depositional environments can add confidence in local age determinations.
